is 3 nm (29) , which is consistent with the grain boundary widths (which correspond to atomicscale features) seen in our plasmon energy maps ( fig. S1 ). However, the sample does not support a temperature gradient for separations smaller than the electron mean free path ' e because electrons are ballistic over distances less than ' e . Thus, ' e describes the smallest thermal feature size that can exist in continuous aluminum. Similarly, because phonons generate thermal expansion, temperature cannot produce different densities at separations smaller than a phonon mean free path ' ph . We estimate ' e ≲ 4 to 15 nm and ' ph ≲ 2 to 5 nm in our temperature range (table S1). For L pl smaller than ' ph or ' e , PEET achieves the maximum possible spatial resolution; temperature differences do not exist on length scales smaller than the larger mean free path.
PEET is applicable to many other technologically important metals and semiconductors. Tungsten, silver, silicon, gallium arsenide, and gallium nitride all have sufficiently sharp plasmon resonances (29) . [The width of the plasmon resonance limits PEET's precision, so decreasing the zero loss peak width (30) gives only a small sensitivity improvement.] Because the product of the thermal expansion coefficient a with the melting temperature is aT m~0 .02 for many materials (31) , one will generally trade high sensitivity for a large accessible temperature range, or vice versa, depending on the application. Ideally, the system to be measured serves as its own thermometer, without requiring the introduction of thermometric materials that might compromise the thermal behavior or device function.
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This work has been supported by National Science Foundation award DMR-1206849 and in part by Function Accelerated nanoMaterial Engineering (FAME), one of six centers of Semiconductor Planets in the habitable zone of lower-mass stars are often assumed to be in a state of tidally synchronized rotation, which would considerably affect their putative habitability. Although thermal tides cause Venus to rotate retrogradely, simple scaling arguments tend to attribute this peculiarity to the massive Venusian atmosphere. Using a global climate model, we show that even a relatively thin atmosphere can drive terrestrial planets' rotation away from synchronicity. We derive a more realistic atmospheric tide model that predicts four asynchronous equilibrium spin states, two being stable, when the amplitude of the thermal tide exceeds a threshold that is met for habitable Earth-like planets with a 1-bar atmosphere around stars more massive than~0.5 to 0.7 solar mass. Thus, many recently discovered terrestrial planets could exhibit asynchronous spin-orbit rotation, even with a thin atmosphere.
A s we experience in our everyday life, atmospheric temperatures oscillate following the diurnal insolation cycle. This in turn creates periodic large-scale mass redistribution inside the atmosphere-the so-called thermal atmospheric tides. But as we all also have experienced, the hottest moment of the day is actually not when the Sun is directly overhead, but a few hours later. This is due to the thermal inertia of the ground and atmosphere that creates a delay between the solar heating and thermal response (driving mass redistribution), causing the whole atmospheric response to lag behind the Sun (1).
Because of this asymmetry in the atmospheric mass redistribution with respect to the subsolar point, the gravitational pull exerted by the Sun on the atmosphere has a nonzero net torque that tends to accelerate or decelerate its rotation, depending on the direction of the solar motion (2, 3). Because the atmosphere and the surface are usually well coupled by friction in the atmospheric boundary layer, the angular momentum transferred from the orbit to the atmosphere is then transferred to the bulk of the planet, modifying its spin (4).
On Earth, this effect is negligible because we are too far away from the Sun, but the atmospheric torque due to thermal tides can be very powerful, as seen on Venus. Indeed, although tidal friction inside the planet is continuously trying to spin it down to a state of synchronous rotation, thermal tides are strong enough to drive the planet out of synchronicity and to force the slow retrograde rotation that we see today (2) (3) (4) (5) (6) . Very simple scaling arguments predict that the amplitude of the thermal tide is proportional to the ratio of the atmospheric mean surface pressure over its scale height (1) . Everything else being equal, one would thus expect the thermal tide to be~50 times weaker if Venus had a less massive, cooler Earth-like atmosphere. Whether this scaling really holds and how massive the atmosphere must be to affect the planetary rotation has not yet been determined.
These issues are of utmost importance as we now find many terrestrial planets in a situation similar to Venus. Because the habitable zonethe zone around a star inside which a planet can sustain surface liquid water-is closer around lower-mass stars, planets in this region are often expected to be tidally synchronized with the orbit (7) (8) (9) (10) (11) (12) (13) (14) (15) . This seems to create additional difficulties for keeping a habitable environment over the lifetime of the planet. In particular, the permanent night side can be an efficient cold-trap for water (13, 14) , strongly destabilize the carbonatesilicate cycle (10, 11) , and even cause atmospheric collapse in extreme cases (9, 15) .
Here, we investigate whether or not thermal tides can drive terrestrial planets in the habitable zone out of synchronous rotation if a relatively thin atmosphere is present. Previous studies on Venus (2) (3) (4) (5) (6) , and for exoplanets (16, 17) , have shown that this reduces to the search for equilibrium rotation states for which the bodily torque (T g ) and the atmospheric torque (T a ) cancel each other and provide a restoring force against deviations from this equilibrium. In the circular case with zero obliquity, these torques are given by
G is the universal gravitational constant; M * is the mass of the star; R p , w, and r are the planet's radius, rotation rate, and mean density, respectively; and a and n are its orbital semimajor axis and mean motion, respectively (5, 6) . b g (s) characterizes the frequency-(s)-dependent response of the body of the planet (its rheology), and b a (s) characterizes that of the atmosphere. Unlike trapping in asynchronous spin-orbit resonances (for example, Mercury) (18), thermal tides do not need any eccentricity to drive a planet out of synchronous rotation. Although some general conclusions can be reached without a precise knowledge of these responses (5, 6, 16, 17) , the biggest limitation in predicting the properties of equilibrium spin states lies in the uncertainties on the shape and amplitude of the atmospheric response [b a (s)]. In particular, the relation between the mass of the atmosphere and the strength of the thermal tide is key in quantifying whether asynchronicity is ubiquitous and remains unknown.
To tackle this issue, we use a generic global climate model (14, 19, 20) , commonly used to model planets in the habitable zone of low-mass stars, to empirically quantify the amplitude of torque induced by thermal tides for planets with various atmospheric masses (characterized by the surface pressure, p s ), compositions, and incoming stellar fluxes (F). Once p s and F are chosen, we run the atmospheric model for several diurnal frequencies, s ≡ w − n. Because of the thermal forcing, a surface pressure pattern lagging behind the substellar point forms ( fig. S1 ). Once mean thermal equilibrium is reached, we compute the complex amplitude of the quadrupolar thermal tide (q a ) (21) , as shown in Fig. 1, and the value of the torque is given by
To test our framework, we applied our model to Earth and Venus, where our results meet existing constraints ( fig. S2) (21) . However-rather counterintuitively-for the same forcing frequency, the amplitude of the thermal tide in an Earthlike atmosphere of 1 bar is almost an order of magnitude stronger than on Venus (Fig. 1B) . This difference is the result of the sunlight being almost completely scattered or absorbed before it reaches Venus's surface (21) .
As discussed earlier, the lag and amplitude of thermal tides are closely related to the thermal inertia of the system. In fact, a careful analysis of the result of the climate model shows that the frequency dependence of the atmospheric response shown in Fig. 1 is fairly analogous to the thermal response of a radiating slab with a finite thermal inertia that is periodically heated. Therefore, to a very good approximation, we can write q a ðsÞ ¼ − q 0 1 þ is=w 0 where i 2 = -1, w 0 is the inverse of the time scale needed for the system to reach thermal equilibrium, and q 0 is the amplitude of the quadrupole term of the pressure field at zero frequency (21) . In theory, w 0 can be estimated if the heat capacity of the system is known (21) , but in practice, both w 0 and q 0 are computed from the numerical model for a given atmosphere and are shown in Table 1 for limit cases. In the circular case with zero obliquity, the torque is expressed as
Although governed by different physics, the atmospheric torque follows the same law as the body torque for a viscoelastic sphere (with the opposite sign). A first qualitative difference with previous works (3-5, 16, 17) is that we derive a very different functional form for the atmospheric torque. In particular, the function f ðsÞ ≡ b a ð2sÞ=b g ð2sÞ (5) is not monotonic around potential equilibria when a realistic rheology is used. As seen in Fig. 2, for unstable (21) . The diversity of equilibria might be even richer in eccentric systems where these numbers could change (16, 17) . The synchronous spin state is stable. Knowing that Venus, despite such a rheology, did not end up synchronized tells us that a planet can avoid being trapped in such a stable synchronous state and constrains the history of the Venusian atmosphere (21) .
In addition, the number and location of equilibria undergo a bifurcation because asynchronous spin states exist only when the amplitude of the thermal tide reaches a threshold. Thus, our results reveal the existence of a critical distance a c beyond which the planet can be asynchronous, which, using a constant-Q rheology, reads
where k 2 is the Love number and Q is the tidal quality factor (21) . Both a c (Fig. 3 ) and the equi- S3 ) can be computed for various cases by using Table 1 . The corollary is that even without any spin-orbit trapping due to a permanent asymmetry of the mantle (triaxiality), planets on circular orbits for which atmospheric tides are too weak should be in exact spin-orbit resonance.
Our results provide a robust framework for the quantitative assessment of the efficiency of thermal tides for different atmospheric masses without having to rely on scaling arguments calibrated on Venus. This is crucial because Venus thermal tides turn out to be relatively weak (Fig. 1B) . As can be seen in Fig. 3 , Earthlike planets with a 1-bar atmosphere are expected to have a nonsynchronous rotation if they are in the habitable zone of stars more massive than~0.5 to 0.7M ⊙ (depending on their location in the habitable zone). This lower limit decreases to ≲0:3M ⊙ for a 10-bar atmosphere. These limits are much less restrictive than the one obtained from our Venus model ( Fig. 3 , purple line). This realization required full atmospheric modeling.
Atmospheres as massive as 1 bar are a reasonable expectation value given existing models and solar system examples. This is especially true in the outer habitable zone, where planets are expected to build massive atmospheres with several bars of CO 2 (7) . So, our results demonstrate that asynchronism mediated by thermal tides should affect an important fraction of planets in the habitable zone of lowermass stars.
This has many implications. On one hand, the difficulties in sustaining a habitable climate far from the star due to the presence of a permanent cold, night side (9-15) may not be as severe as usually thought. On the other hand, the habitable zone has been recently shown to be more extended near the star for synchronous planets (12) . For these objects, if the atmosphere is thick enough, the nonsynchronous rotation that should ensue may thus come to limit the extent of the habitable zone around lowermass stars.
The thermal tide mechanism presented here does not only affect habitable-zone planets, so many other terrestrial bodies with substantial atmospheres could potentially have asynchronous rotations, depending on their orbital location (Fig. 3) . With that in mind, observational methods that can constrain the rotation rate of exoplanets (22, 23) become more valuable and could even be used to constrain their atmospheres.
